This paper extends our previous work on the potential of eigenvalue manipulating transformation (EMT) of a data matrix for spectral selectivity enhancement in two-dimensional (2D) correlation analysis. EMT operation by uniformly lowering the power of a set of eigenvalues associated with the original data exaggerates the information content of minor principal components and reduces that of major principal components. Thus, m uch more subtle differences of spectral behavior for each component are now highlighted. Similarly, the selective truncation of dominant principal component (PC) factors to bring up the subtle contributions of m inor factors is also considered. The EMT-reco nstructed data matrix where power parameter m is negative greatly reduces the contribution of the rst PC. H ybrid models for the attenuation of the contribution of the rst PC are discussed. Synchronous 2D correlation spectra from PC1-attenuated data matrix A** obtained by varying the value of the attenuation parameter k show a much more profound effect than asynchronous 2D correlation spectra. As the value of k is increased, features of 2D correlation spectra start looking very much like those from the principle com ponent analysis (PCA)-reconstructed data with only the second and third PCs and from the EMT-reconstructed data m atrix where the power parameter m is negative.
INT RODUCTIO N
We have recently reported several novel concepts on the combination of principal component analysis (PC A) and two-dimensional (2D) correlation spectroscopy. [1] [2] [3] [4] Both 2D correlation analysis [5] [6] [7] and PCA [8] [9] [10] are well-established techniques in spectral analyses in m any elds of study. The PCA-based 2D (PCA-2D) correlation approach will improve the data quality for 2D correlation analysis, mainly in the form of less noise-in uenced asynchronous 2D correlation spectra. 1, 2 Synchronous 2D correlation spectra, on the other hand, are not strongly affected by random noise by the basic nature of correlation analysis, so the improvement by PCA-2D is not very noticeable.
We have formulated the reconstructed data m atrix A* 5 USV 9, which no longer contains noise contributions, based on the singular value decomposition (SVD) of the raw data A. [8] [9] [10] Here U and V are, respectively, the orthonormal matrices containing the signi cant eigenvectors of AA 9 and A 9A. The notation V 9 stands for the transpose of V. The diagonal m atrix S consists of the square roots of the corresponding eigenvalues. This reconstructed data matrix A* has been successfully utilized instead of the original data matrix A for the calculation of improved 2D correlation spectra without being hampered by noise.
We have also proposed a new concept of eigenvalue manipulating transformation (EM T) for the generalized PCA-2D correlation analysis. 3, 4 The new data matrix A** for the PCA-2D correlation analysis was followed by altering the eigenvalues associated with the data set. The details of the concept of EM T are described elsewhere, 3, 4 so only a brief description will be given here.
The new EMT-reconstructed data matrix A**, which is obtained by manipulating and replacing eigenvalues of A*, is used instead of A* for the calculation of enhanced 2D correlation spectra. By uniformly raising the power of a set of original eigenvalues, the in uence of factors associated with m ajor eigenvalues becomes more prominent, while the m inor eigenvectors primarily arising from the noise component are no longer strongly represented. Thus, this transformation of the data matrix becomes a gradual noise reduction scheme with the attractive exibility of continuously ne-tuning the balance between the desired noise suppression and retention of pertinent spectral information. With modi cation of 2D correlation spectra, it may be possible to selectively enhance certain correlational features by systematically manipulating the eigenvalues that are nothing but weight factors of information contribution to the reconstructed data matrix.
In this paper we will explore several noteworthy cases of EMT operations for spectral selectivity enhancement by systematically attenuating the effect of dominant variance of data before 2D correlation analysis. One example is the special case of the power-based EMT, where the power parameter m is taken to be a very small number, actually even smaller than zero. The other example of EMT is the elimination of the dominant principal component factor, PC1. This latter concept can be further rened to the hybrid mode between the full retention of PC1 and the total elimination of PC1, where PC1 is only partially attenuated. Finally, we will introduce the m ost generalized form of the partial attenuation type of EM T.
BACKG RO UND
Power-Based EMT for the M ajor Variance Elimination. As we have reported previously, 3, 4 the new EMTreconstructed data matrix A** is obtained by m anipulating and replacing eigenvalues of A* 5 USV 9 as: 
where, S** is given by varying the corresponding eigenvalues in S. In the power-based EMT operation, S** is obtained by simply raising S to the power of m:
The increase in the value of m to more than one leads to the gradual suppression of noise, as well as some loss of ner details regarding inform ation content of the data. By decreasing the value of m below one, on the other hand, such information is now accentuated. W hen the power parameter m is reduced to near zero, 4 we are essentially replacing the singular value matrix S with the identity matrix I. The nal transformed data matrix approaches A** 5 UV 9. The synchronous 2D correlation analysis of such reconstructed data generates the so-called projection spectrum, F 5 VV 9 (associated with the subspace spanned by the set of object eigenvectors) instead of the more fam iliar form of the synchronous 2D correlation spectrum based on the covariance or dispersion matrix F 5 A 9A. The intensity at the diagonal of a synchronous 2D projection spectrum corresponds to the squared Mahalanobis distance of the spectral intensity variations of the data set from the reference (mean) spectrum .
We now consider an even more advanced case of the spectral selectivity enhancement, where the power parameter m is now taken to be a negative number. Such an EMT operation will further exaggerate the effect of minor PC factors such that asynchronicity is very strongly ac-centuated. W hen the power parameter m becomes 21, we have the EMT replacing the diagonal m atrix S with S 21 , which by de nition is the inverse matrix of S. It is interesting to point out that the corresponding synchronous spectrum VS 2 2 V 9 is nothing but the M oore-Penrose pseudo inverse of the conventional 2D synchronous spectrum VS 2 V 9. In such an inverted 2D spectrum, the information content associated with small eigenvalues of the original data m atrix is preferentially represented, while the contribution from the dom inant variance is mostly attenuated.
Attenuation of Select Principal Components. We now consider an intriguing case of data manipulation, where the most dominant PC factor is simply dropped. The elimination of the contribution of the rst PC, which is closely aligned to the autopower spectrum, results in the PC1-free data matrix A** given by:
where, s 1 is the rst (i.e., most dominant) singular value of the data matrix, and U 1 and V 1 are the rst eigenvectors of matrices AA 9 and A 9A.
The motivation behind the elimination of PC1 is similar to that of the negative power EM T discussed earlier.
We would like to control the over whelming in uence of the primary (m ostly synchronous) variance, which often obscures more subtle but informational contributions from secondary eigenvectors of the data matrix. The bene cial outcome of such selective m anipulation of data is the ef cient detection and discrimination of individual features of spectral intensity variations. Thus, highly overlapped signals with only slight differences in the variational pattern can be readily identi ed.
The fam ily of 2D spectra obtained from the selectivityenhancing EMT is quite different from the conventional 2D spectra. The primary information sought here is the clearer identi cation of individual bands having different patterns of intensity changes, while other useful information such as sequential order of events provided in the conventional 2D spectra may no longer be available quantitatively due to the heavy bias introduced to the data by the transformation. In order to position the new features of selectivity-enhanced 2D spectra, it is useful to consider a hybrid mode of EM T-based 2D spectra, where the degree of spectral selectivity enhancement can be gradually adjusted from conventional 2D spectra.
In the hybrid mode EMT, the contribution of the rst PC is only partially attenuated as:
where a constant k is an adjustable parameter named the attenuation param eter. This PC1-attenuated data m atrix A** obtained by Eq. 4 can now be used instead of A* for the calculation of the selectivity-enhanced 2D correlation spectra.
In the above m odel, if the value of k is zero, we have the regular PCA-reconstructed data m atrix A*, while for k 5 1 we have the data m atrix with m ajor variance (i.e., PC1) completely removed, as in Eq. 3. Since we can select the value of k gradually and continuously between 0 and 1, we can ne-tune the model to obtain the best selectivity while minimizing the distortion of data.
The attenuation of PC factor in uence on the data matrix, of course, is not limited to the rst PC. The EM T operation can be generalized to the m anipulation of any one of the contributing factors. In the most general case of PC attenuating EMT, the reconstructed data m atrix becomes:
This form is equivalent to the general replacement (i.e., general EM T) of ith singular values s i with (1 2 k i ) s i for all i. The attenuation param eter k i can be chosen individually for different principal components. The value of individual k i can be set to 0 (no attenuation), 1 (full elimination), somewhere between 0 and 1 (partial attenuation), below 0 (ampli cation), and so on, depending on the speci c strategy of EM T. W hile the form in Eq. 5 represents the most general form of EMT with many potential variations, in this paper we will focus our attention on the simplest case of i 5 1 and 0 # k # 1 as the main demonstrative example. This particular case is important as it represents a useful technique where the effect of the dominant variance is reduced to bring out the more subtle features of the spectral intensity changes.
EXPERIMENTAL
The Fourier transform infrared (FT-IR) spectra of a polystyrene (PS)/m ethyl ethyl ketone (MEK)/deuterated toluene (d-toluene) solution m ixture during the solvent evaporation process were analyzed in the present study for demonstrating the potential of EM T to partially attenuate the spectra in the 2D correlation analysis. The detailed experimental procedure has been described elsewhere. 6 Prior to PCA calculation, the m ean-centering operation was applied to the data matrix. To preserve the amplitude inform ation of the variation of spectral intensities, which becomes important later for 2D correlation analysis, other steps comm only used in PCA, such as normalization scaling of data according to the standard deviation, were not carried out. PCA analysis was perform ed in the Pirouette software (Infometrix Inc.). Synchronous and asynchronous PCA-2D correlation spectra were obtained using the same software as that described previously. [1] [2] [3] [4] To investigate the extreme case of spectral selectivity enhancement using the power-based EMT, we will analyze the example where the power parameter m is m uch smaller than zero (i.e., m 5 21). The EMT-reconstructed data m atrix obtained with m 5 21 will be compared to the reconstructed data from only the second and third principal components (i.e., PC1-free data) in PCA-2D correlation spectroscopy. In addition, in order to explore how the 2D correlation spectra generated from the PC1attenuated data m atrix A** change with the attenuation parameter k, we systematically vary the value of the attenuation param eter k, as from k 5 0 to k 5 1. In order to m inimize the interfering noise effect in the EMT operation, only the dominant three principal components are used; the rest are truncated for this study.
RESULTS AND DISCUSSION
In our previous papers, 2-4 for the FT-IR spectra of a PS/M EK/d-toluene solution mixture during the solvent evaporation process, we found that the spectral data can be faithfully reconstructed with only three PC loadings (signi cant eigenvectors). The rest of the eigenvectors are therefore truncated as noise. The data are mostly represented by the rst PC loading, which occupies almost 86.4% of the information content of the spectral data. The in uence of the second and third loadings is m uch smaller. However, it is important to notice that these smaller but still signi cant (i.e., not noise) factors often contain the most interesting inform ation about the spectral data set, especially for 2D correlation analysis. 1, 2, 4 Negative Power-Based EM T. We explore rst the power-based EM T (Eqs. 1 and 2) where the power param eter m is set to be a negative value. Figure 1a shows spectra of the EM T-reconstructed data with m 5 21, which is equivalent to replacing the eigenvalues of the original data with their reciprocals. Synchronous and asynchronous 2D correlation spectra constructed from the new reconstructed data generated by setting the value of the power param eter to m 5 21 are displayed in Figs. 1b and 1c, respectively. This EM T-reconstructed data matrix dramatically reduces the contribution of the rst PC. The synchronous 2D spectrum (Fig. 1b) based on the new EMT-reconstructed data corresponds to the matrix inverse of the usual synchronous 2D correlation spectrum. The auto-power spectrum located at the diagonal position of a synchronous 2D correlation spectrum in Fig. 1b resembles the PC3 loading vector of the m ean-centered data. The strongest auto-peak is obser ved at 1389 cm 2 1 assigned to the toluene band, which has synchronous cross peaks with other bands. Thus, the inform ation content associated with small eigenvalues such as PC3 of the original data m atrix is preferentially represented, while the contribution from the dom inant variance is mostly attenuated. From the comparison to the conventional 2D spectrum, we can nd that even bands located very close to each other, such as the M EK and PS bands near 1453 cm 2 1 , can be readily identi ed; bands at 1452 and 1456 cm 2 1 correspond to PS and MEK, respectively. The subtle shoulders appearing around 1371 cm 21 in the conven- tional 2D spectrum are now certainly assigned to the MEK band in Fig. 1b . PC1 Truncation. Figure 2 displays 2D correlation spectra obtained from the reconstructed data (Eq. 3) with only the second and third principal components, which is devoid of the dominant contribution by the rst principal component. The reconstructed data m atrix with only PC2 and PC3 resulted in the marked enhancement of selectivity in the 2D correlation spectra. The toluene band at 1387 cm 2 1 and the PS band at 1453 cm 2 1 , which are mainly represented by the minor principal components, show strong auto-peaks. The most interesting point is that the cross peaks of toluene and PS bands with MEK bands are quite different from those in the conventional 2D correlation spectrum. For example, the negative cross peaks at (1387, 1366) and (1387, 1417) cm 2 1 and the positive cross peaks at (1366, 1454), (1366, 1494), (1417, 1454), and (1417, 1494) cm 2 1 have opposite signs from the cross peaks in the conventional 2D correlation spectrum. This means that the apparent signs of peaks for an EMT-based 2D synchronous spectrum no longer re ect the simple relative directions of overall increase or decrease of spectral intensities. Such information is contained m ostly in the dominant rst PC. Thus, the interpretation of 2D cross peaks re ecting the similarity of certain dynamic behavior components represented only by m inor PCs is not straightforward. It will require further theoretical development toward the full understanding of the fundamental concept of synchronicity in 2D correlation spectroscopy.
As expected, we could accentuate m any more asynchronous features by eliminating the dominant variance contribution from the data m atrix to focus on the subtle asynchronous features of spectral intensity variations. It is noted that the obtained asynchronous 2D correlation spectrum is surprisingly similar to that obtained from the reconstructed data using only PC2 and PC3 in regular PCA, as shown in Fig. 2b . However, the corresponding synchronous 2D correlation spectra are different, as shown in Figs. 1b and 2b . It should be pointed out that PC3 of the original data m atrix is preferentially enhanced over PC2 in the case of negative power EMT, which results in Fig. 1b , while the in uence of PC2 is stronger than that of PC3 in the case of PC1-truncated EMT, which leads to Fig. 2b . The cross peaks in Fig. 1b are similar to those in the conventional 2D spectrum except for the positive cross bands of the toluene band at 1496 cm 2 1 with other bands. This observation suggests that the bands from minor principal components in bands located very close to each other, such as the toluene band at 1496 cm 2 1 , are obviously enhanced. The EM T operations discussed in this paper tend to introduce heavy bias toward the structure of the data matrix. Both the negative power EMT and the dominant PC attenuation EM T method aim at the control of the overwhelming in uence of the dominant variance to bring out the information content carried by the secondary eigenvectors of the original data. The delity of the EM T reconstructed data with respect to the original information content in the raw data is now traded with the enhancement of the spectral selectivity to achieve higher discriminatory performance.
Thus, EMT-enhanced 2D spectra will contain a different type of information compared to conventional 2D spectra. The synchronicity is evaluated under much more stringent criteria of the functional form m atching of secondary scores, leading to the apparent enhancement of resolution. Asynchronous features also become m uch more visible as the dominant (mostly synchronous) pri- mar y variance is removed from the 2D correlation analysis.
The selectivity-enhancing EMT also has its own limitations. The quantitative features, especially the sequential order information in the asynchronous spectrum, will be inevitably corrupted by the extreme EMT operation. The simple correlation peak-sign rules used for identifying the sequence of events in the conventional 2D spectra are no longer reliable. The utility of the EM T-enhanced 2D spectra, especially asynchronous spectra, will be found in the area of identifying overlapped bands exhibiting dissimilar patterns of intensity variations. Here, even a ver y slight dissimilarity will be readily detected, since such information is often carried m ore heavily in the secondary PC factors.
Partial Attenuation of a Dominant Factor. Figure 3 shows a series of PC1-attenuated data m atrices A** (Eq. 4) obtained by increasing the value of the attenuation parameter. It is noted that, if k 5 0, the resulting EMTreconstructed data reduces to the regular PCA-reconstructed data matrix A*. [2] [3] [4] On the other hand, if k 5 1, the obtained PC1-free data m atrix A** is the same as that reconstructed by using only PC2 and PC3 in regular PCA as shown in Fig. 2 . Figure 4 displays synchronous 2D correlation spectra from the PC1-free data m atrix A** obtained by increasing the value of the attenuation parameter k. Power spectra extracted along the diagonal line of the synchronous spectra are also shown on the top of each synchronous 2D spectra. Figure 5 depicts the corresponding asynchronous 2D correlation spectra. We can see the profound effect on the synchronous 2D correlation spectrum at the level of k as low as k 5 0.2. Interestingly, the effect on the asynchronous 2D correlation spectrum will not be so obvious until much later, at k . 0.8. As the value of k is increased, features of the 2D correlation spectra start looking very much like those of the projection spectra. 4 In these selectivity-enhanced asynchronous 2D correlation spectra (i.e., Figs. 1c, 2c, and 5f ), we can observe the new cross peaks developed between the pairs of bands highly overlapped with each other at (1452, 1494) and (1456, 1492) cm 2 1 arising from (PS, toluene) and (MEK, PS), respectively, that are not readily noticeable in the conventional 2D correlation spectrum. Thus, this enhanced resolution capability is a great potential for high selectivity in EMT.
CONCLUSION
In this paper, we discussed several new ideas on spectral selectivity enhancing EM T m ethods. One is the power-based EMT where the power parameter m is negative. The other is the attenuation of select principal components, especially the rst principal com ponent, PC1.
We have successfully applied the power-based EM T to effectively reduce the in uence of the dom inant PC loadings (or the size of the dominant eigenvalues). As the power parameter m decreases, smaller eigenvalues become more prominent and ner details from contributions of secondary loadings become more apparent. In particular, if the power parameter is set as m 5 0, we obtain a 2D projection spectrum as the synchronous spectrum. If on the other hand we set m to be 21, the resulting 2D spectrum generated from the EMT-enhanced data becomes the matrix inverse of the conventional 2D spectra. We could even completely eliminate the rst PC all together in the extreme case by setting the rst eigenvalue to be zero. These EM T operations dramatically accentuate the effect of minor PC factors to the point that selectivity is very strongly enhanced in the 2D correlation spectra.
We have also introduced a m ore generalized form of the partial PC attenuation type EMT. This concept leads to the hybrid mode between the full retention of PC1 and total elimination of PC1, where PC1 is only partially attenuated. From this hybrid model of partial attenuation of the dominant PC with the varying attenuation parameter k, the regular PCA-reconstructed data matrix A* should be obtained for the value of k 5 0, while the data matrix with major variance (i.e., PC1) removed will be the result for k 5 1. As the value of the attenuation param eter k is increased, features of 2D correlation spectra become very much like those of the reconstructed data using only PC2 and PC3 in regular PCA-2D correlation analysis.
